We are reporting density functional theory results for the binding energies, structures, and vibrational spectra of (H-Cl) 2 -6 and (H-F) 2 -10 clusters. The performance of different functionals has been investigated. The properties of HF clusters predicted by hybrid functionals are in good agreement with experimental information. The HCl dimer binding energy ⌬E e is underestimated by hybrid functionals. The Perdew and Wang exchange and correlation functional ͑PW91͒ result for ⌬E e is Ϫ9.6 kJ mol Ϫ1 , in very good agreement with experiment (Ϫ9.5 kJ mol Ϫ1 ). However, PW91 overestimates binding energies of larger clusters. Hydrogen bonding cooperativity depends on the cluster size n but reaches a limit for moderately sized clusters (nϭ8 for HF). The average shift to low frequencies ͑⌬͒ of the X-H (XϭCl,F) stretching vibration relative to the monomer is in good agreement with experimental data for HF clusters in solid neon. However, some discrepancies with experimental results for HCl clusters were observed. The behavior of ⌬ as a function of the cluster size provides an interesting illustration of hydrogen-bond cooperative effects on the vibrational spectrum. The representation of the electronic density difference shows the rearrangement of the electronic density induced by hydrogen bonding in the clusters and supports the view that hydrogen-bond cooperativity is related to electronic sharing and delocalization.
I. INTRODUCTION
Clusters of hydrogen-bonded molecules are extremely important as model systems in the study of intermolecular interactions and chemical reactivity.
1,2 One particularly relevant aspect of these aggregates is hydrogen-bonding cooperativity. This means that due the nonadditive character of the polarization effects involved in hydrogen bonding, the structure and energetics of the aggregates are very dependent on the size of the system. One important issue concerns the dependence of structural and electronic properties on the number of monomers in the cluster (n) or cluster size and the possible extrapolations to larger clusters. This must rely on the expectation that for clusters larger than a size limit n, the importance of these nonadditive effects are significantly reduced. The study of clusters can be also very useful to understand condensed phase properties. Clusters are structures intermediate between the isolated species and the bulk phases. Thus, it is reasonable to assume that some features of condensed phases are already present in the aggregates.
The nature of hydrogen bonding is still controversial. Charge transfer, 3 electrostatic effects, 4, 5 and more recently, partial covalent contributions 6 have been invoked to explain the structure and binding energies in hydrogen-bonding systems. One specific aspect of hydrogen bonding concerns the relative importance of different contributions to the interaction energy. Thus, for hydrogen chloride it is expected that dispersion interactions are the dominating contribution to the intermolecular interactions. 7, 8 This feature is different from the well-known role played by electrostatic interactions in classical hydrogen-bonded systems, as, for example, water, and hydrogen fluoride.
Several experimental [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and theoretical studies 7, 8, [20] [21] [22] [23] [24] for the HCl dimer have been reported. Theoretical studies for larger HCl clusters are still relatively scarce. Latajka and Scheiner analyzed the structure, energetics and vibrational spectra of dimers, trimers and tetramers of HX (X ϭCl,Br,I). 8 Chandler et al. studied reactions involving hydrogen halides polymers and optimized (HCl) 1 -4 clusters at the second-order Møller-Plesset ͑MP2͒ theoretical level. 25 Numerous works on HF clusters have been carried out including experimental investigations 10,26 -30 and theoretical calculations. 24, [31] [32] [33] [34] [35] [36] [37] [38] [39] Extensive compilation of thermodynamical data including enthalpies and entropies of HF clusters 37 have been published.
An important aspect characterizing hydrogen-bonding cooperativity in X-H clusters (XϭF,Cl,Br, . . . ) is a shift to low frequencies ͑⌬͒ and the increase in the intensity of the fundamental X-H stretching vibration relative to the monomer. 1 This aspect has been investigated by several vibrational spectroscopy works on HCl ͑Refs. 15-19͒ and HF ͑Refs. 28 -30͒ clusters. A recent theoretical study 24 analyzed the vibrational properties of HX (XϭF, Cl, and Br͒ dimers. However, a theoretical investigation on the vibrational properties of larger clusters seems to be missing still.
In the present work we report a theoretical study of the a͒ Author to whom correspondence should be addressed. Electronic address: ben@adonis.cii.fc.ul.pt
properties of hydrogen chloride (HCl) 2 -6 and hydrogen fluoride (HF) 2 -10 clusters, which is based on density functional theory. We discuss the energetical, structural, and vibrational properties of the clusters, hydrogen-bond cooperativity, and its dependence on the cluster size. We also analyze the electronic density rearrangement induced by hydrogen bonding through the representation of electronic density difference isosurfaces. 43 Becke style one-parameter functional using a modified Perdew-Wang exchange and PW91 correlation 44, 45 ͑MPW1PW91͒ have been also carried out. We have also investigated the performance of the Perdew and Wang exchange and correlation functional 41 ͑PW91͒ for the prediction of energetic properties of the clusters.
The geometries have been fully optimized with the Dunning's correlation consistent polarized valence double zeta basis set augmented with diffuse functions ͑aug-cc-pVDZ͒ 46 and by carrying out frequency calculations the optimized structures have been characterized as local minima. Singlepoint energies with the triple zeta ͑aug-cc-pVTZ͒ and quadruple zeta ͑aug-cc-pVQZ͒ basis sets 47 are also reported. The calculations have been carried out with the GAUSSIAN 98 program. 48 To analyze the energetics of the HF and HCl clusters it is convenient to introduce the binding energy and the stepwise binding energy. The binding energy for a cluster with n monomers ⌬E 0,n is defined as
where Xϭ(F,Cl). The stepwise binding energy ⌬E 0,n,nϪ1 is given by
We also define ⌬E e,n and ⌬E e,n,nϪ1 , which are similar to the previously defined quantities but do not include the zeropoint vibrational energy ͑ZPVE͒ corrections. B3LYP binding energies were corrected for basis set superposition error ͑BSSE͒ by using the counterpoise method 49 including the fragment relaxation energy contributions. 50 We have verified that BSSE corrections to binding energies at the B3LYP/aug-cc-pVQZ level are typically ϳ1% of the uncorrected values ͑see Sec. III͒. For other functionals, binding energies were not corrected. To minimize finite size basis set effects we have carried out single-point energy calculations with the largest affordable basis set for the present systems ͑aug-cc-pVQZ͒. For HF and HCl dimers only the linear structures that contain one hydrogen bond were studied. The cyclic dimers are transition state structures. 8, 35 We report results for the cyclic (HCl) 3 -6 and (HF) 3 -10 clusters. There is theoretical 51 and experimental 15 evidence that these structures are more stable than open chains.
III. BINDING ENERGIES AND STRUCTURAL PROPERTIES

A. Binding energies
Binding energies for (HCl) 2 -6 clusters are reported in Table I . Good agreement between our results and other theoretical predictions is observed. For example, ⌬E e from MPW1PW91/aug-cc-pVDZ (Ϫ7.2 kJ mol Ϫ1 ) is in excellent agreement with the B3LYP/6-31ϩϩG(d,p) value (Ϫ7.5 kJ mol Ϫ1 ) reported by Guo et al. 22 For B3LYP calculations and some clusters, electronic binding energies (⌬E e 's) were corrected for BSSE and the corrections are reported in Table I . At the B3LYP/aug-cc-pVDZ level BSSE corrections are ϳ4% of the binding energies. They are reduced to ϳ1% of the uncorrected values when the calculations are carried out with the larger aug-cc-pVQZ basis set. Our results for the (HCl) 2 binding energy based on hybrid functionals are Ϫ5.3 kJ mol Ϫ1 ͑B3LYP/aug-cc-pVQZ͒ and Ϫ5.9 kJ mol Ϫ1 ͑MPW1PW91/aug-cc-pVQZ͒. The experimental value reported by Pine and Howard 10 is Ϫ9.49 Ϯ1.03 kJ mol Ϫ1 . For ⌬E 0 , which includes ZPVE corrections, our best prediction is Ϫ2.9 kJ mol Ϫ1 ͑MPW1PW91/ aug-cc-pVDZ͒, which is 56% above the experimental value (Ϫ5.15Ϯ0.26). 10 Dispersion interactions are expected to contribute significantly to the energetical stabilization of HCl clusters. Thus, the deviation of the (HCl) 2 disssociation energy predicted by DFT calculations from the experimental result has been related to the inherent deficiency of DFT methods to describe the energetics of compounds where dispersion interactions are dominant. 24 However, significant deviations from experiment are also observed for ⌬E 0 's based on MP2 and quadratic configuration interaction including single and double substitutions ͑QCISD͒ methods. 24 Recently, Tsuzuki and Lüthi 52 discussed the performance of DFT for the prediction of intermolecular interaction energies of several complexes where dispersion interactions are expected to be important including neon, argon, and hydrogen-bonded complexes. This study suggested that for these systems, the Perdew and Wang exchange and correlation functional 41 ͑PW91͒ provided an adequate description of the interaction energies. significantly lower than the other theoretical methods. For the HCl dimer, ⌬E e calculated at PW91/aug-cc-pVQZ with the geometry optimized at B3LYP/aug-cc-pVDZ is Ϫ9.6 kJ mol Ϫ1 , which is in excellent agreement with experiment.
The importance of cooperative effects due to nonadditive interactions in HCl clusters as a function of the cluster size is illustrated in Fig. 1 , which shows the stepwise binding energy ⌬E e,n,nϪ1 as a function of the cluster size n. ⌬E e,n,nϪ1 increases by ϳ40% from (HCl) 2 to (HCl) 3 , shows a small increase from (HCl) 3 to (HCl) 4 , then decreases and seems to stabilize for larger clusters.
Binding energies for (HF) 2 -10 clusters are reported in Table II . The experimental values for the dimer 10 with and without ZPVE are Ϫ12.7 kJ mol Ϫ1 and Ϫ19.4 kJ mol Ϫ1 , respectively. Our result for the dimer binding energy at the B3LYP/aug-cc-pVQZ level is Ϫ18.9 kJ mol Ϫ1 , which is in good agreement with experiment. By including ZPVE our best estimation is Ϫ11.8 kJ mol Ϫ1 , which indicates that zero-point vibrational energies are reasonably accurate. BSSE for HF clusters are reported in Table II . They are similar to the corrections for HCl binding energies and correspond to ϳ1% of the uncorrected values at the B3LYP/augcc-pVQZ level. PW91 results with geometries optimized at the MPW1PW91/aug-cc-pVDZ level are also reported in Table II . The PW91/aug-cc-pVQZ prediction for the (HF) 2 binding energy is Ϫ21.4 kJ mol Ϫ1 , in very good agreement with the result reported by Rincón et al. 35 ͑see Table II͒ other theoretical calculations 35 for clusters up to the octamer is observed. PW91 binding energies for larger clusters are also reported in Table II . They follow the same trend observed in HCl clusters and are significantly lower than those predicted by other theoretical methods.
The most interesting feature concerning binding energy in HF clusters is the strong nonadditive cooperative effect that is observed when we move from the dimer to the trimer and tetramer. This is clearly illustrated in Fig. 2 , which presents the stepwise binding energy ⌬E 0,n,nϪ1 as a function of n. ⌬E 0,n,nϪ1 significantly increases from nϭ2 ͑dimer͒ to nϭ4 ͑tetramer͒, decreases up to nϭ6 ͑hexamer͒, and apparently reaches a plateau for nу8.
B. Structural properties
The optimized structures of the (HCl) 2 -6 clusters are presented in Fig. 3 and some structural parameters are reported in Table III . The Cl-Cl internuclear distance for (HCl) 2 calculated at the MPW1PW91/aug-cc-pVDZ level ͑3.790 Å͒ is in excellent agreement with the experimental value reported by Ohashi and Pine ͑3.797 Å͒.
9 B3LYP and B3PW91 calculations for the Cl-Cl distance in the dimer deviate from the experimental value by ϳ0.03 Å. We have verified that the structure of the HCl dimer predicted by the PW91 functional is not in good agreement with experiment. For example, the Cl-Cl bond distance is 3.693 Å, which underestimates the experimental values by ϳ0.1 Å. Some significant structural changes occur when we move from the HCl dimer to larger HCl clusters. The average Cl-Cl internuclear distance is reduced by ϳ6% from (HCl) 2 to (HCl) 4 and then seems to reach a nearly constant value (ϳ3.6 Å) for larger clusters. A quite similar behavior can be observed in the ClH¯Cl hydrogen bond. At the MPW1PW1 level it is 2.499 Å in the dimer and 2.224 Å in the pentamer, which means a 12% reduction. With the exception of the (HCl) 3 cyclic structure, the average ЄCl-H-Cl angle shows a tendency to linearity in larger HCl clusters. For example, at the B3LYP/aug-cc-pVDZ level, ЄCl-H-Cl increases from 175.2°in (HCl) 4 to 178.6°in (HCl) 6 . For the cyclic structures, as the cluster size n increases, the need for the H bonds to become nonlinear and be able to support high angular strains diminishes. 8 Deviations from linearity in HCl can be related to the competition between dipolar interactions ͑that favor linear arrangements͒ and quadrupolar interactions ͑fa-voring perpendicular configurations͒. The structure of HCl clusters clearly indicate that cooperative effects are very important. In agreement with the behavior of binding energies, these effects increase significantly from the dimer to the tetramer and apparently reach a limit in the hexamer.
The optimized structures of the (HF) 2 -10 clusters are presented in Fig. 4 and some structural parameters are reported in Table IV . The internuclear F-F distance in (HF) 2 is 2.723 Å at the MPW1PW91/aug-cc-pVDZ level, in excellent agreement with the experimental value (2.72Ϯ0.03 Å). angle exhibits a tendency to linearity in larger HF clusters. At the B3LYP/aug-cc-pVDZ level, ЄF-H-F increases from 165°in (HF) 4 to 178.5°in (HF) 6 , and then it is nearly constant in the larger clusters. Table IV also reports B3LYP/6-31ϩϩG(d, p) results for (HF) 2 -8 clusters from a recent study by Rincón et al., 35 which are in very good agreement with our B3LYP calculations.
Our results strongly suggest that cooperative effects induced by hydrogen bond are important in both HCl and HF clusters. They also provide some evidence that these effects seem to reach a limit for a relatively small number of monomers ͑eight in the case of HF͒. In addition, our results also show that the magnitude of these effects is more important for HF than for HCl clusters.
IV. VIBRATIONAL SHIFT AND ELECTRONIC DENSITY DIFFERENCE
A. Vibrational shift in HCl and HF clusters
Spectroscopic studies of hydrogen halide clusters are frequently carried out in condensed phases, usually inert gas matrices. Interactions with the matrix atoms may influence 
the vibrational structure of the hydrogen-bonded complex.
29
There is also theoretical evidence supporting that these interactions modify the shape of the intramolecular potential associated with the guest vibrational motion. 53 We define the average frequency shift ⌬ for each cluster as the difference between the average stretching frequency H-X (XϭCl,F) of the cluster ͗͘ and the frequency of the monomer. Table V reports ⌬'s and frequencies for the HCl clusters. DFT frequencies were not scaled. Some authors 54, 55 suggested that DFT zero-point energies should be scaled. However, the empirical scale factor depends on the specific theoretical level.
Harmonic frequencies for HCl and (HCl) 2 are higher than experimental values. At the MPW1PW91 level the deviations from experiment are 82 cm Ϫ1 ͑HCl͒ and 76 cm Ϫ1 for (HCl) 2 . This is possibly related to the neglect of anharmonicity for the isolated species. 8 For (HCl) 3 theoretical frequencies are in very good agreement with experiment. However, for large clusters, gas phase frequencies are lower than experimental values in solid argon. 17 It is possible that condensed phase effects are more important for larger clusters. This could explain the deviation of ⌬ from experiment that is illustrated in Fig. 5 . We remark that if the theoretical harmonic frequencies of the monomer and dimer are shifted by ␦ϭ82 cm Ϫ1 to correct for anharmonicity, a better agreement with experiment is observed ͑see Fig. 5͒ . In Table V hydrogen-bond cooperativity increases from (HCl) 2 to (HCl) 4 , but seems to reach a limit for larger clusters. This is illustrated in Fig. 6 , which shows ⌬ versus the cluster size n. The inset shows the linear correlation between ⌬ and the average H-Cl bond distance in the clusters. Table VI reports ⌬'s and frequencies for the HF clusters.
For (HF) 2 our results are in very good agreement with experiment. 29 For example, ⌬ϭ110 cm Ϫ1 ͑B3LYP/aug-ccpVDZ͒, in excellent agreement with the experimental value (108 cm Ϫ1 ). ⌬'s for (HF) 3 seem to be underestimated by theory. However, for larger clusters a good agreement with experiment is observed. Fig. 6 shows the behavior of ⌬ as a function of n for (HF) 2 -10 . The inset illustrates the linear correlation between ⌬ and the average F-H bond distance. The present results for ⌬ in HCl and HF clusters provide a clear illustration of hydrogen-bonding cooperativity that complements the data for binding energies and structure.
B. Electronic density difference
The electronic density reorganization in the clusters, induced by hydrogen bonding, can be analyzed by introducing the electronic density difference D (r), 56 which is calculated from the electronic density (r). For a cluster of size n, D,n (r) can be defined as:
where n (r) is the density associated with a cluster with n monomers and the sum involves the electronic density of the monomers in the equilibrium geometry of the cluster. We have selected isosurfaces corresponding to a total electronic density difference of Ϫ0.001 e Å Ϫ3 ͑dark͒ and ϩ0.001 e Å Ϫ3 ͑white͒. The isosurfaces are shown in Fig. 7 . They suggest a significant electronic density reorganization, which increases from the dimer to the tetramer but seems to be stabilized in larger clusters. This conclusion is also supported by the maxima values of D,n (r), which are reported in the caption of Fig. 7 for the different clusters. For HF they increase from the dimer (0.03 e Å Ϫ3 ) to the pentamer (0.08 e Å Ϫ3 ) and apparently reach a limit (0.12 e Å Ϫ3 ) in the larger clusters. The reorganization is characterized by a shift of electronic density from hydrogen to halide atoms. In particular, the density associated with the central hydrogen of the XH¯X bond (XϭCl,F) is shifted to the proton acceptor. However, D,n (r) also indicates that the redistribution of the electron density involves the entire cluster.
Comparison between HCl and HF clusters shows a more important electronic density redistribution in the HF dimer and trimer. The results for D,n (r) suggest that hydrogenbond cooperativity can be also related to the redistribution of the electronic density in the clusters.
V. CONCLUSIONS
This work reports theoretical results for the binding energies, geometries, and vibrational spectra of (HCl) 2 -6 and (HF) 2 -10 clusters. The results are based on density functional theory. Geometry optimizations have been carried out with hybrid functionals. For HF clusters a good agreement with experimental results for the energetics, strucure and vibrational spectrum has been observed. Hybrid functionals ͑B3LYP, B3PW91, and MPW1PW91͒ seem to underestimate the (HCl) 2 binding energy. Our best result for the dimer binding energy ͑MPW1PW91/aug-cc-pVQZ͒ is Ϫ5.9 kJ mol Ϫ1 , which is 3.6 kJ mol Ϫ1 above the experimental result reported by Pine and Howard. 10 This discrepancy seems to reflect the fact that dispersion interactions, which are determined by polarization and correlation effects, are not adequately taken into account by the present set of hybrid functionals. 52 By carrying out single-point energy calculations for HCl clusters with the Perdew and Wang exchange and correlation functional ͑PW91͒, the HCl dimer binding energy is in very good agreement with experiment. We have also verified that for the HF dimer the PW91 binding energy is in good agreement with experiment. However, for larger clusters, PW91 binding energies are apparently overestimated.
Our results illustrate the importance of hydrogen-bond ͑HB͒ cooperativity in the determination of the energetics, structure, and vibrational properties of HCl and HF clusters. FIG. 7 . Electronic density difference D,n (r) in the clusters. The isosurfaces correspond to electronic density differences of Ϫ0.001 e Å Ϫ3 ͑dark͒ and ϩ0.001 e Å Ϫ3 ͑white͒. Some maxima of D,n (r) ͑in e Å Ϫ3 ) for clusters of size n are ͑a͒ HCl 0.04 (nϭ2), 0.08 (nϭ3), 0.11 (nϭ4), 0.12 (nϭ5), 0.11 (nϭ6); ͑b͒ HF 0.03 (nϭ2), 0.07 (nϭ3), 0.10 (nϭ4), 0.08 (n ϭ5), 0.12 (nϭ6), 0.12 (nϭ7), 0.12 (nϭ8).
In addition, we are also providing some evidence that these nonadditive effects levels off for moderately sized clusters (nϭ8 for HCl͒. This conclusion is supported by the analysis of the dependence on the cluster size of energetical, structural, and vibrational properties.
We have analyzed the behavior of the average frequency shift ⌬ as a function of the cluster size. Good agreement with experimental results for HF clusters in solid neon has been observed. For HCl clusters some discrepancies with experiment were observed, mainly for larger clusters. We are also reporting results for electronic density differences in HCl and HF clusters, which illustrate the reorganization of the electronic density induced by hydrogen bonding.
